IMPORTANCE Maternal thyroid hormone insufficiency during pregnancy can affect children's cognitive development. Nevertheless, the behavioral outcomes of children exposed prenatally to mild thyroid hormone insufficiency are understudied.
Women with normal thyroid function often have a transient and mild decrease in free thyroid hormone levels during pregnancy, without a rise in the thyrotropin level. 4 This condition is known as hypothyroxinemia. Many epidemiologic studies have shown that maternal hypothyroxinemia is associated with adverse neurocognitive outcomes in children, such as language delay, 4 delayed cognitive function, 4, 5 reduced performance in psychomotor skills 5 in toddlers, and autistic traits 6 and lower IQ 7 in older children. Furthermore, recent reports
show that the presence of hypothyroxinemia in early pregnancy might be related to behavioral problems of the offspring, in particular symptoms of attention-deficit/ hyperactivity disorder (ADHD). 4, 8 In a previous publication of the Generation R Study, Ghassabian et al 4 showed that higher levels of maternal thyrotropin in early pregnancy were associated with higher scores of externalizing problems. In addition, Päkkilä et al 9 found that maternal thyrotropin levels during early pregnancy were associated with ADHD symptoms, but only in girls. Nevertheless, previous studies 4-9 faced methodological issues, such as small sample size, lack of power, retrospective design, relatively short follow-up, and nonspecific outcomes. Attention-deficit/hyperactivity disorder is a childhood psychiatric disorder consisting of problems in behavior, cognition, and social abilities. If not properly managed, ADHD can lead to numerous complications. Reduced attention and poor organizational skills in school can lead to academic underperformance and even failure. Individuals are more likely to experience accidents (eg, driving accidents). Attention-deficit/ hyperactivity disorder represents a risk factor for selfmedication or experimentation with drugs, which might lead to their abuse or addiction. Patients are also more likely to present with pathologic gambling and Internet addictions. 10 Although genetic factors are involved, many environmental factors are also shown to increase the risk for ADHD in children (eg, prematurity or smoking in the mother).
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In this study, we examined the relation between maternal hypothyroxinemia in early pregnancy and the parental rating of ADHD symptoms in children at 8 years of age, controlling for maternal and child characteristics. We hypothesized that maternal hypothyroxinemia in early pregnancy increases the risk for ADHD symptoms in their children.
Methods

Participants
This study was embedded in the Generation R Study, a population-based birth cohort in Rotterdam, the Netherlands. 12 The
Generation R Study follows up children from fetal life on- In total, 9778 pregnant women were enrolled in the study (participation rate, 61.0%), of whom 8879 were enrolled in pregnancy (7069 in early pregnancy, 1594 in midpregnancy, and 216 in late pregnancy). The remaining women were enrolled in the postnatal period and were not eligible for this study. Data on thyroid hormone levels were available in 5099 participants. We excluded 102 women who gave birth to twins owing to possible differences in the neurodevelopment of children born to singleton vs twin pregnancies. This exclusion left 4997 participant pairs eligible for follow-up. Of these, 3873 children (77.5%) and their caregivers visited the Generation R research center for in-depth assessments when the children were aged 5 to 8 years. The remaining 1124 participant pairs were not followed up (Figure) . Thyroid hormone levels were not different between mother-child pairs included in the study and those who were excluded because of missing child data (free thyroxine [FT 4 
Maternal Thyroid Hormone Levels
Maternal blood samples were collected at the first prenatal visit (mean [SD] gestational age, 13.6 [1.9] weeks; range, 6.6-17.9 weeks). Within 24 hours of collection, the plasma was stored at −70°C and processed in batches during 6 months. The samples were analyzed for levels of FT 4 and thyrotropin using chemiluminescence assays (Vitros ECi immunodiagnostic system; Ortho Clinical Diagnostics). In our laboratory, the reference range for FT 4 levels in nonpregnant women is 0.85 to 1.94 ng/dL; interassay and intra-assay coefficients of variation range from 4.7% to 5.4% and 1.4% to 2.7%, respectively. The reference range for maternal thyrotropin levels in pregnancy was defined as 0.1 to 2.5 mIU/L, as recommended by the Endocrine Society 13 and the American Thyroid Association
At a Glance
• We examined whether exposure to maternal mild thyroid hormone insufficiency in early pregnancy was related to symptoms of attention-deficit/hyperactivity disorder (ADHD) in children at 8 years of age.
• Maternal hypothyroxinemia in early pregnancy, characterized by low levels of free thyroxine coexisting with reference thyrotropin levels, was associated with a 7% increase in ADHD symptom scores in children at 8 years of age.
• Additional adjustment for a child's IQ or comorbid autistic symptoms did not influence the association of maternal hypothyroxinemia and children's ADHD symptoms.
tion ranged from 2.5% to 4.1% and 1.0% to 1.2%, respectively. Maternal hypothyroxinemia (n = 127) was defined as thyrotropin levels of 0.1 to 2.5 mIU/L coexisting with FT 4 levels below the 5th percentile of the sample (ie, <0.85 ng/dL). 14 Maternal levels of thyroid peroxidase antibodies were measured using a commercially available immunoassay (Phadia 250; Thermo Scientific); results were defined as positive when plasma concentrations were 100 IU/mL or greater. According to these international guidelines, 13, 14 we also calculated ref-
erence ranges for levels of thyrotropin (0.03-4.04 mIU/L) and FT 4 (0.81-1.71 ng/dL) based on our own study sample to define maternal subclinical hypothyroidism and hypothyroxinemia and examined whether the associations were independent of the cutoff choice. Thyroid hormone levels were evaluated after the children's birth, and the parents were not informed about the results, with the exception of 1 clinical case that was excluded from the study. atory factor analyses of the items in the long form and were used in the short form if the item loadings were higher than 0.40. The selection of items on the ADHDi scale specifically discriminated children with ADHD from matched control individuals. 16 The scales are shown to have a good reliability and internal consistency and have been used previously in the Dutch population. 17, 18 In our sample, the internal consis- In a subsample of the Generation R Study, trained research assistants interviewed the parents when the children were a mean (SD) age of 6.7 (0.6) years (n = 689; age range, 5.5-9.5 years) using the Diagnostic Interview Schedule for ChildrenYoung Child version. 19 This subsample consisted of the children who scored in the top 15th percentile of the Child Behavior Checklist for Toddlers total score and a random selection of controls. In this subsample, we compared the CPRS-R:S scores of children with a diagnosis of ADHD or oppositional defiant disorder (defined by findings on the Diagnostic Interview Schedule for Children-Young Child version) and children with no ADHD or oppositional defiant disorder. Children classified as positive for ADHD had a mean (SD) ADHDi score of 23 (8.6) and those classified as negative had a mean (SD) ADHDi score of 10 (7.6). This difference was statistically significant (P < .001).
Children's ADHD Symptoms
Covariates
The choice of potential confounders was performed a priori and on the basis of background knowledge about the study question. [4] [5] [6] [7] Information on maternal age at enrollment, parity, educational level, marital status, and family income and on child age, ethnic background, and sex were obtained from questionnaire and medical records. The child's ethnic background was based on the country of birth of both parents. Maternal educational level was defined as the highest completed schooling. Maternal smoking was assessed using questionnaires at enrolment, in midpregnancy, and in late pregnancy. Family income was defined by the total net monthly income of the household. Maternal body mass index in early pregnancy was calculated based on maternal height and weight at enrolment. Maternal psychopathologic symptoms were assessed during pregnancy using the Dutch version of the Brief Symptom Inventory. 20 Various test batteries and rating scales were used to further evaluate other aspects of behavior and cognition in children to 8 years of age (eTable 1 in the Supplement). Parents re- Missing values in covariates and outcome measures (ADHDi and Oppositional scores) were imputed using multiple imputations only if another behavioral measure was available (eTable 1 in the Supplement). All covariates were used as predictors in the multiple imputations, and we used additional behavioral information from previous assessment waves. We created 30 copies of the original data set, with missing values replaced by ones randomly generated from predictive distribution on the basis of the correlation between the variables. Effect size and confidence intervals were estimated by taking the mean effect size of the 30 imputed sets (pooled data set). The results of a complete case analysis are presented in eTable 2 in the Supplement. Maternal thyroid function was the determinant in all analyses. Continuous measures of thyrotropin and FT 4 levels were divided by their SDs so that their associations with the outcome can be compared easily. We included maternal hypothyroxinemia as a categorical determinant in the analyses. We examined associations of maternal thyroid function with children's ADHDi and Oppositional scores using linear regression. The ADHDi and Oppositional scores were transformed using natural logarithm to satisfy the assumption of normality. Regression coefficients were exponentiated and converted to percentage differences.
Models were adjusted for the child's age, sex, ethnic background, and parity and for maternal educational level, history of smoking, psychopathologic symptoms in pregnancy, age, marital status, household income, body mass index, and gestational age at the time of blood sampling in pregnancy. These models were additionally adjusted for children's autistic symptoms, nonverbal IQ, or Oppositional scores (or ADHDi scores in case the Oppositional scores were the outcomes) in separate steps to test the specificity of the findings.
Sex differences are well established in ADHD symptoms 23 ; also, a recent study reported a sex-specific relation between maternal thyroid insufficiency during pregnancy and ADHD symptoms in the offspring. 9 Therefore, we explored an interaction between children's sex and maternal thyroid function in relation to ADHDi or Oppositional scores. We also reran the analyses in a subsample excluding women with positive thyroid peroxidase antibody findings (n = 288) and separately excluding pregnant women who received medication for any thyroid-related condition (n = 30) to explore the effect of maternal thyroid function on a child's behavior independently of these factors. Furthermore, we performed a sensitivity analysis in a sample of women with FT 4 values measured in the first trimester of pregnancy (n = 1733). In the subsample of children with data on the Diagnostic Interview Schedule for Children-Young Child version and CPRS-R:S, we performed an independent-sample t test to compare the ADHDi or Oppositional scores between children with a diagnosis of ADHD (or oppositional defiant disorder) and healthy controls. Statistical analyses were performed using commercially available software (SPSS, version 22.0; IBM Statistics).
Results
The characteristics of the study population are presented in Table 1 and Table 2 . In this sample, 738 mothers (20.0%) had only 20 Possible scores range from 0 to 1; higher scores indicate more problems. c Defined as free T 4 concentrations below the fifth percentile (ie, <0.85 ng/dL) and thyrotropin levels within the reference range. d Levels of greater than 100 IU/mL were defined as positive.
Maternal Thyroid Hormone Insufficiency and ADHD Symptoms in Children
Original primary education, 200 (6.3%) were from low-income families, and 580 (15.3%) continued to smoke during pregnancy. In total, 2301 children (60.2%) were Dutch. On average, children were born at term (median gestational age, 40.0 [interquartile range, 39.3-41.0] weeks). Based on the criteria described above, 127 women (3.4%) had hypothyroxinemia and 183 (5.0%) had positive findings for thyroid peroxidase antibodies. The children exposed to maternal hypothyroxinemia during early pregnancy had higher ADHDi scores at 8 years of age compared with nonexposed children (β = 0.07 [95% CI, 0.003-0.14]; percentage increase in ADHD scores, 7% [95% CI, 3%-15%]) ( Table 3) . Additional adjustments for children's autistic symptoms or Oppositional scores did not affect the association. When we additionally adjusted the models for the children's nonverbal IQ, the association between maternal hypothyroxinemia and the children's ADHDi scores was slightly attenuated (percentage increase in ADHDi scores, 6% [95% CI, 1%-14%]). The results of the association analyses with hypothyroxinemia using an alternative cutoff of thyrotropin levels are presented in eTable 3 in the Supplement.
We found no association between maternal subclinical hypothyroidism and ADHDi score in children (eTable 4 in the Supplement). In addition, we found no relation between maternal thyroid function in early pregnancy and the children's Oppositional scores at 8 years of age ( Table 4) .
The exclusion of mothers with positive findings for thyroid peroxidase antibodies also changed the association between maternal hypothyroxinemia and children's ADHDi scores only slightly (percentage increase in ADHDi scores, 8% [95% CI, 1%-16%]) (eTable 5 in the Supplement). Likewise, the exclusion of mothers who took thyroid medication only minimally influenced the results. Similar results emerged when the sample was limited to pregnant women with FT 4 levels measured in the first trimester of pregnancy (eTable 6 in the Supplement). We found no interaction between maternal hypothyroxinemia and the children's sex in the association with the ADHDi scores in children at 8 years of age.
Discussion
In our population-based cohort, we observed a modest association between maternal hypothyroxinemia in early gestation and an increased risk for ADHD symptoms in children at 8 years of age, independent of confounders. No association was apparent between maternal thyroid function and children's Oppositional scores. The findings of this large-scale prospective study in school-aged children are in line with those of previous reports from small-scale retrospective studies or studies performed in younger children. 4, 8 The fetal brain predominantly depends on circulating T 4 levels for the intracellular supply of triiodothyronine, which is converted locally by the enzyme type 2 deiodinase. The active hormone then binds to its nuclear receptor and regulates gene expression in the brain. 24 The detrimental effects of hypothyroxinemia on fetal neurologic development have been suggested by studies in animals 2,3 and in humans. 4, 6, 7 In rats, hypothyroxinemia in pregnancy causes irreversible abnormalities in the cytoarchitecture of the somatosensory cortex and hippocampus. 5 Neuroimaging studies in humans show that maternal thyroid hormone insufficiency in pregnancy is related to a smaller genu and combined anterior section and a larger splenium and combined posterior section in the corpus callosum in the offspring. 25, 26 Dysfunctions of frontal and prefrontal lobes, which are involved in impulsivity and motor activity control, and in those of the cortical and subcortical striatal areas, which are involved in inhibition of irrelevant responses and executive function, are hypothesized to underlie symptoms of ADHD. 8 Langevin et al 27 demonstrated that children with ADHD have microstructural abnormalities in the frontal regions of the corpus callosum and abnormalities in white matter connections underlying the primary and somatosensory motor cortices. The similarity between neuroimaging findings in children with ADHD and abnormalities in children exposed to thyroid hormone insufficiency in prenatal life suggests a plausible explanation for the findings of the present study. 28 Furthermore, the normal development of the monoaminergic and cholinergic neurotransmitter system are thyroid dependent, and dysfunctions in these transmitter systems have been linked to attention deficits and hyperactivity. 28 A high prevalence of ADHD has been reported in children with generalized resistance to thyroid hormones, a disease caused by mutations in the thyroid hormone receptor-β (THRB) gene (OMIM 190160 ) and characterized by reduced responsiveness of peripheral and pituitary tissues to the activation of the thyroid hormones. 29 The strikingly high prevalence of ADHD in these individuals suggests that common mechanisms downstream of THRB may be responsible for manifestation of the behavioral phenotypes in both disorders. We found no relation between maternal hypothyroxinemia in early pregnancy and children's Oppositional scores. A possible explanation for this null finding is that some specific subregions of the brain, which are related to ADHD symptoms, are more severely affected by thyroid hormone insufficiency, despite a global insult to the brain. Considering that the insult resulted from thyroid hormone insufficiency that occurred in early gestation, this exposure would most likely have a global effect on the neurodevelopment of the fetus. In this study, further adjustment of the models for IQ only attenuated the association of maternal mild thyroid insufficiency and children's ADHD. This finding suggests that the adverse effects on the brain of thyroid hormone insufficiency in early pregnancy might not be only global; rather, some areas of the brain are more susceptible to the lack of these hormones.
Our study has several strengths, including a large population-based sample, prospective design, available information on numerous maternal and child confounders, long-term follow-up of children (which allows a valid assessment of behavior in school-aged children 30 ), and the assessment of maternal thyroid function in early pregnancy, as recommended.
14 Furthermore, to reduce bias due to a selective response to questionnaires, we applied multiple imputations to replace the missing values of the ADHDi scores using a vast range of different behavioral measures. We also faced some limitations. First, no information was available regarding the clinical diagnosis of ADHD in children or their history of ADHD-related medication use. In large-scale studies, diagnosis based on interviews and direct observations is not feasible. Instead, parental reports of children's behavior have been widely used in epidemiologic studies. 4, 17, 18 In this study, we found a strong relation between the diagnosis of ADHD by a structured interview and ADHD symptoms reported by mothers. This finding further supports the validity of the maternal report of ADHD symptoms (CPRS-R:S scores). Second, maternal thyroid hormone levels were measured only once during pregnancy; therefore, any analysis of how the effect of thyroid hormone deficiencies depends on gestational age was not possible.
Conclusions
The adverse cognitive outcomes of prenatal exposure to thyroid hormone insufficiency have been known for decades. Our findings provide further support of the possible role of maternal mild thyroid hormone insufficiency during early gestation in the behavioral development of the offspring, in particular ADHD. Neuroimaging and animal studies are needed to address the underlying mechanism of the association between maternal mild thyroid insufficiency and ADHD in children.
